The effect of Reynolds number on the performance of a regenerative pump was examined in a low Reynolds number range in experiment. The head of the regenerative pump increased at low flow rates and decreased at high flow rates as the Reynolds number decreased. The computation of the internal flow was made to clarify the cause of the Reynolds number effect. At low flow rates, the head is decreased with increasing the Reynolds number due to the decrease of the shear force exerted by the impeller caused by the increase of leakage and hence local flow rate. At higher flow rates, the head is increased with increasing the Reynolds number with decreased loss at the inlet and outlet as well as the decreased shear stress on the casing wall.
Introduction
Practical applications of micro pumps with high discharge pressure are expected in the fields of micro, bio, and chemical applications and energy-related devices such as a micro heat exchanger. Micro pumps are also in demand for water-cooling systems for laptops, medical devices such as portable fluid delivery systems and for fuel supply to fuel cells. Under the circumstances, the development of the micro regenerative pump with the impeller diameter about 10mm has been carried out. Regenerative pumps have desirable characters with high discharge pressure and continuous discharge unlike positivedisplacement type fluid machinery.
The Reynolds number of the micro pump is small due to its size : the order of the Reynolds number is 10 4 . The effect of Reynolds number on the performance curve of a regenerative pump in low Reynolds numbers has been investigated by Yamazaki et al. [1] and Hollenberg [2] . However, the mechanism of the Reynolds number effect has not been made clear yet. In the preliminary test of a micro regenerative pump in our research group, an interesting result that the head at a low Reynolds number is higher/lower than that at a high Reynolds number at a lower/higher flow rate could be obtained. The present study focuses on this Reynolds number effect.
In general regenerative pumps, the vanes are attached on one side or both sides of the impeller. For both types of the impellers, a lot of researches have been done to achieve the high performance of pumps. For the pump with a double-sided impeller, Iversen [3] estimated the pump performance by a model based on shear stress imparted to the fluid by the impeller and Shimosaka et al. [4] investigated the effect of the geometries of the impeller and flow channel on the performance in experiment. For a fan with double-sided impellers, Murata et al. [5] measured the performances for several impellers and intakes and visualized flow patterns in the impeller. The performance of a regenerative pump with single-sided impeller was measured by Engels [6] . Wilson et al. [7] proposed a two-dimensional model and predicted the performance curves. Based on the data of the studies [6, 7] , Hollenberg et al. [8] correlated the driving torque with the head and flow rate by using a single experimental factor. Recently, Kang et al. [9] presented an one-dimensional model for the prediction of performance and applied it to a pump, a blower, and a compressor with single-sided impeller. In the present study, a single-sided impeller was chosen for the easiness of manufacturing.
The accurate control of the clearance between the casing and the impeller is difficult for micro pumps used for experiments. Therefore, a scaled-up model of the micro pump was used for experiments. The computation of the internal flow of the scaled-up model was made by using the commercial software CFX-10.0.
Experimental Setup and Experiment
The schematic of the regenerative pump and the coordinate system are shown in Fig.1 . Figure 2 shows the cross section of the pump. The materials of the impeller and the casing are aluminum and transparent acrylic resin, respectively. A single-sided impeller was chosen for the easiness of manufacturing. The impeller has an outer wall at the tip. The values of the parameters shown in Figs.1 and 2 are given in Table 1 . For the accurate adjustment of the clearance between the impeller and the casing, which would largely affects the performance, the size of the pump is increased to about ten times of real micro regenerative pump. The thickness of the vane is 5 mm so that it is not extremely thin in real micro regenerative pump. The axial clearance 1 c between the impeller with diameter T D = 83mm and the casing is 1.2mm. The larger thickness of the vanes and the larger clearance are different from conventional regenerative pumps. The depth of the casing flow path 1 a and the depth of the vane channel 1 b are 6mm and 8mm, respectively. These values were selected to realize higher head based on preliminary tests. Figure 3 shows the schematic of the experimental setup. The impeller is driven by a blushless servomotor whose rotational speed is controlled by the computer. The rotational speed is basically 600rpm, but 200rpm was used for the working fluid of 88% glycerin solution with higher viscosity due to the limitation of the motor power. The flow rate is adjusted by controlling the downstream valve and estimated by measuring the weight of discharged fluid. The pressure coefficient ψ is estimated from the pressures at the wall of the inlet pipe about 8.7 T D upstream from the pump inlet and at the wall of the outlet pipe about 11.3 T D downstream from the pump exit.
To investigate the effect of Reynolds number, pure water, 60% glycerin solution and 88% glycerin solution were used as the working fluid. The 60% and 88% glycerin solutions have about 10 and 100 times the viscosities of pure water, respectively.
The viscosity of the glycerin solutions largely depends on temperature. Before the experiment, the correlation between viscosity and temperature was examined by a viscometer. The viscosities and densities of pure water, the 60% and 88% glycerin 
Computation
For the analysis of the internal flow, a commercial software ANSYS CFX-10.0 was used. Basic equations are the continuity equation and the Reynolds averaged Navier-Stokes equation. SST turbulence model is used. For Re=8.9×10 2 (φ =0.07), the laminar flow option without the turbulence model was used.
The computational domain consists of the rotational domain of the impeller, the static domains of the casing, and the inlet and outlet pipes. The computational grid on the casing is shown in On the walls except for the clearance, 3 layers of the computational cells are set within 0.6mm from the impeller surface and 6 layers within 0.5mm from the casing surface. In other places, the size of the computational cells were gradually increased as it departs from the walls. The wall coordinate y + of the nearest grid point from the wall is about 1 -23 at Re= 2.4 10 × and the accuracy of the simulation of the boundary layer is not high, it is considered that the reasonable result was obtained at least in the case of Re= 2 8.9 10 × . The static pressure at the inlet, the mass flow rate at the outlet, and a non-slip condition on the wall were given as boundary conditions. Unsteady calculation was performed. The time step is 1/400 of one period of the rotation of the impeller. The results shown in the present study are the results at least after 3 revolutions of the impeller where the fluctuation of the head becomes periodic. The computation near the impeller was made in a relative frame fixed to the rotating impeller, and the computations in the casing, the inlet and outlet pipes were made in a stationary frame. Figure 5 shows the performance curves from experiments and computations. The performance curves are for the cases when the Reynolds numbers are 2.4×10 5 (pure water, 600rpm), 2.9×10 4 (60% glycerin solution, 600rpm), and 8.9×10 2 (88% glycerin solution, 200rpm). The Reynolds number largely affects the performance curve. With smaller Reynolds numbers, the value of the pressure coefficient ψ is larger at smaller flow rate and smaller at larger flow rate. The shutoff head in the case of Re=8.9×10 2 is about 2.5 times larger than that in the case of Re=2.4×10 5 . The value of φ where the value of ψ equals 0 at Re=8.9×10 2 is about two fifth of that at Re=2.4×10 5 .
Results and Discussions

Performance Curve
The value of the pressure coefficient ψ obtained by the computation is smaller than that in the experiment especially at low flow coefficients in the case of Re=2.4×10 5 and 2.9×10 4 . In the case of Re=8.9×10
2 , the value of ψ in the computation is in good agreement with the experimental result. However, the change of ψ due to the Reynolds number can be simulated by the computation qualitatively.
In the case of Re=2.4×10 5 , the local Reynolds number 1 1 Re
where v θ is a mean circumferential velocity in the casing is about 1400 at lower flow rate φ=0.07. Therefore, the main flow in the casing at Re=2.4×10 5 can be considered to 2 (φ=0.07) where the laminar flow was assumed without the turbulence model, the boundary layer was solved as a turbulent boundary layer. We should note that the influence of the difference of the boundary layers in the experiment and computation may appear in the computational results.
Angular Momentum
The angular momentum in the casing is investigated to clarify the cause of Reynolds number effects on the performance. Figure 6 shows a control volume. The control volume is set in the casing flow passage excluding the inlet and outlet regions ( 45deg − <θ< 45deg ). The bottom surface of the control volume is located at a distance of 1.2mm (=c 1 ) from the impeller vane tip. We consider the conservation law of the angular momentum around the axis of the impeller using the cylindrical coordinate system shown in Fig.1 . As the temporal change of the angular momentum due to the impeller vane passage is not negligible, we use the unsteady conservation law of the angular momentum.
AM is the moment of the pressure forces at the inlet and outlet boundary. L * is the angular momentum in the control volume,
is the angular momentum of the fluid entering the control volume, * shear AM is the moment generated by the shear force on the surface of the control volume, and t* is the nondimensional time.
Discussion for the Case of Lower Flow Rate
The angular momentum for Re=2.4×10 5 and 8.9×10
2 is investigated. First, the results at the lower flow rate of φ=0.07 are discussed. Figure 7 shows the value of Figure 8 shows the values of . From these results, it is found that the increase of the pressure coefficient at the lower flow rate at the lower Reynolds number was due to the shear force on the control volume.
For better understanding, 5 . From these results, it is found that the increase of the moment generated by the shear force with the decrease of the Reynolds number is due to the increase of the moment generated by the shear force on the bottom surface of the control volume, exerted by the impeller. , the velocity gradient is larger than that at Re=8.9×10 2 at the casing wall and smaller at the bottom surface of the control volume. From this result, it is found that, at the higher Reynolds number of Re=2.4×10 5 , the moment generated by the shear force does not largely contribute to the pressure rise. At the lower Reynolds number of Re=8.9×10 2 , the velocity gradient is smaller than that at Re=2.4×10 5 on the casing wall and larger at the bottom surface of the control volume. This is why the moment due to the shear force on the bottom surface of the control volume largely contributes to the pressure rise.
Discussion for the Case of Higher Flow Rate
The angular momentum is investigated to clarify the cause of the increase of the pressure coefficient ψ with the increase of the Reynolds number at the higher flow rate. Figure 11 shows the values of the angular momenta 
AM
for the cases of Re=2.4×10 5 and 8.9×10 2 are nearly the same. However, the value of ψ at Re=8.9×10 2 is quite smaller than that at Re=2.4×10 5 . This shows that the decrease of the value of ψ at the lower Reynolds number is caused by the increase of the pressure loss in the inlet and outlet pipes. Figure 13 shows the values of Fig.13 . Figure 15 shows the circumferential velocity distribution in the casing and the vane channel at φ =0.18. If we compare with Fig.10 for φ =0.07, we observe that the velocity gradient near the casing wall is significantly larger for the case with Re= 8.9×10
2 and φ =0.18, corresponding to larger flow rate. This is the reason for larger value of * shear casing AM for φ =0.18 and Re= 8.9×10 2 . However, the velocity distributions at φ =0.07 and φ =0.18 are not largely different at Re= 2.4×10 5 . Figure 16 shows the local flow rate L φ through the control surfaces (1)- (6) 
Conclusions
The Reynolds number effect for the performance of a regenerative pump in the range of low Reynolds number was investigated by experiment and computation. The following conclusions were obtained.
(1) In the regenerative pump used in the present study, the pressure coefficient increases at the lower flow rate (φ =0.07) and decreases at the higher flow rate (φ =0.18) as the Reynolds number decreases. ( 2) The increase of the pressure coefficient at the lower flow rate ( φ =0.07) with the decrease of the Reynolds number is due to the increase of the moment generated by the shear force exerted by the impeller. (3) The decrease of the pressure coefficient at the higher flow rate ( φ =0.18) with the decrease of the Reynolds number is due to the increase of the pressure loss in the inlet and outlet pipes. (4) The effect of the shear force is not negligible at the low Reynolds number. At the lower flow rate, the shear force near the impeller largely contributes to the pressure rise. At the higher flow rate, the shear force on the casing wall cancels the pressure rise caused by the shear force near the impeller. 
